Abstract Telomere attrition has been associated with age-related diseases, although causality is unclear and controversial; low-grade systemic inflammation (inflammaging) has also been implicated in age-related pathogenesis. Unpicking the relationship between aging, telomere length (TL), and inflammaging is hence essential to the understanding of aging and management of agerelated diseases. This longitudinal study explored whether telomere attrition is a cause or consequence of aging and whether inflammaging explains some of the associations between TL and one marker of aging, grip strength. We studied 253 Hertfordshire Ageing Study participants at baseline and 10-year follow-up (mean age at baseline 67.1 years). Participants completed a health questionnaire and had blood samples collected for immune-endocrine and telomere analysis at both time points. Physical aging was characterized at follow-up using grip strength. Faster telomere attrition was associated with lower grip strength at follow-up (b = 0.98, p = 0.035). This association was completely attenuated when adjusted for inflammaging burden (p = 0.86) over the same period. Similarly, greater inflammaging burden was associated with lower grip strength at follow-up (e.g., interleukin [IL]-1b: b = -2.18, p = 0.001). However, these associations were maintained when adjusted for telomere attrition (IL-1b, p = 0.006). We present evidence that inflammaging may be driving telomere attrition and in part explains the associations that have previously been reported between TL and grip strength. Thus, biomarkers of physical aging, such as inflammaging, may require greater exploration. Further work is now indicated.
Introduction
The deterioration of physical function that occurs with age can include sarcopenia and result in frailty and loss of independence [1, 2] . A major health care challenge of the 21st century is to identify people at risk of such a decline in physical function and to intervene early. Biomarkers of aging may facilitate this process, and the assessment of telomere length (TL) is perhaps the best known-yet most controversial-of such markers.
Telomeres are protein-nucleotide complexes comprising several thousand repetitive DNA sequences located at the end of chromosomes to protect them from deterioration or fusion. They are maintained and lengthened by the enzyme telomerase [3] . Telomere repetitive sequences shorten with each cell division, eventually reaching a critical threshold leading to cellular senescence and death [4] . Telomere length may therefore be thought of as a biological clock representing cellular age, and multiple cohort studies have shown that short telomeres are associated with age-related disease, disease-specific mortality, and all-cause mortality [5, 6] , although results are not always consistent. However, its predictive value in the assessment future age-related health risks is not known [7] . Uncertainty remains in the literature as to whether TL is a cause or consequence of the aging process, and increasingly, studies are reporting a lack of association with cognitive, physical, and social traits including grip strength, physical functioning, and sarcopenia [8] [9] [10] [11] [12] [13] . Despite these poor associations, significant interindividual variation, and wide confidence intervals, several companies now offer commercial testing of TL for the public [14] .
Physiological aging is associated with a chronic subclinical state, termed inflammaging, characterized by elevated levels of proinflammatory cytokines such as interleukin (IL)-1b and associated with changes to the endocrine axis [15] . Inflammaging (particularly elevations in levels of tumor necrosis factor a [TNF-a], IL-6, IL-1b, and C-reactive protein) is associated with morbidity and mortality in older people. Specifically, proinflammatory cytokines have been linked with cardiovascular diseases including atherosclerosis and stroke [16] , and similar associations have been found with other age-related disease such as Alzheimer's dementia [17] , type 2 diabetes mellitus [18] , and frailty [19] . Furthermore, levels of proinflammatory cytokines are noticeably lower in centenarians, a population that can be deemed to have aged successfully [20] .
Cortisol and dehydroepiandrosterone sulfate (DHEAS) are both outputs of the hypothalamic-pituitary-adrenal axis; cortisol has mainly immunosuppressive actions, whereas DHEAS is immune enhancing [21] . Both change with age, are believed to contribute to the process of immunosenescence, and have been associated with age-related diseases including sarcopenia and frailty [19] .
There is growing evidence that inflammation is associated with TL, although the direction of this relationship is unclear and could be bidirectional. For example, raised IL-6 and TNF-a were associated with shorter TL in 1,962 individuals of the Health, Aging and Body Composition Study [22] . Shorter TL has also been found in cohorts of patients with chronic inflammatory diseases of liver, kidney, and lung [23] . Negative relationships with TL have also been demonstrated with C-reactive protein [24] and IL-6 [25] . It is thus apparent that the interrelationships between TL, inflammation, and the aging process are currently unclear and warrant further exploration.
Therefore, the objective of this study was to explore these relationships further using grip strength, which is associated with age-related morbidity, sarcopenia, frailty, disability, and mortality [26] [27] [28] [29] . Specifically, we aimed to explore the relationship between TL and the aging process, asking whether TL is a cause or consequence of the aging process and whether inflammaging, at least in part, explains the observed associations between TL and aging.
Methods
The Hertfordshire Ageing Study (HAS) has been described previously [30] . In brief, 717 men and women who were born in Hertfordshire, UK, between 1920 and 1930 attended a home interview and clinic in May 1994, where a wide range of markers of aging were characterized. In May 2003, a 10-year follow-up was conducted; 359 men and women participated in a home interview. Reasons for attrition to this point were as follows. One hundred twentytwo had died, 55 were lost to follow-up owing to failure to trace them across the intervening period, and 181 were traced but declined the invitation to take part [30] . A total of 254 subjects attended a clinic for further assessment. All-cause mortality was ascertained between May 1994 and May 2003.
At the May 1994 baseline HAS home interview, a trained research nurse ascertained, among other things, smoking habit, alcohol intake, and current or most recent full-time occupation and husband's occupation for evermarried women. Height and weight were measured, and a venous blood sample collected and serum stored at -80°C for future analysis. This process was repeated at the May 2003 follow-up. Grip strength was assessed at May 1994 baseline and May 2003 follow-up clinics with a Jamar handheld hydraulic dynamometer (Promedics, UK) using the Southampton protocol [31] .
Serological and Telomere Analysis IL-1b and IL-6 are the principal proinflammatory cytokines and were selected as markers of inflammaging. They were simultaneously measured using commercially available multiplex luminometry (BioRad Ltd., Hemel Hempstead, UK). Detection of serum cortisol, DHEAS, and cytomegalovirus (CMV) IgG antibodies were completed using commercially available enzyme-linked immunosorbent assay kits (IBL International, Germany).
DNA was extracted from full fresh blood (white blood cells, i.e., granulocytes and peripheral blood mononuclear cells) with the QIAmp DNA Maxi kit (Qiagen Ltd., Crawley, UK) and all analyses were performed at the same time. DNA concentration and quality were monitored by agarose gel electrophoresis. Samples were discarded if DNA degradation (smear \ 20 kb) was visible. TL was measured as the ratio of the starting quantity for telomeres vs. the starting quantity for the single copy gene of glyceraldehyde-3-phosphate dehydrogenase (as control) by quantitative real-time polymerase chain reaction (PCR). Measurements were performed in quadruplicate. Three DNA samples with known TLs (3.0, 5.5, and 9.5 kb pairs) were run as internal standards together with each batch of 16 study samples to convert the ratios of starting quality into TLs in base pairs. The intra-assay coefficient of variation for this PCR method in our lab is 2.65 %, and the interassay coefficient of variation is 5.12 %.
Intra-and interobserver studies were carried out during the fieldwork. The HAS had ethical approval from the Hertfordshire and Bedfordshire Local Research Ethics Committee. All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent was obtained from all patients before inclusion in the study.
Statistical Methods
Percentage changes in biomarkers and TL from baseline to follow-up were calculated by dividing the difference in values (difference = follow-up -baseline values) by the baseline values, multiplying by 100, and then converting to z scores by a Fisher-Yates transformation. Weight and height were positively correlated at May 2003 follow-up (r follow-up = 0.58, p \ 0.001); to avoid multicollinearity problems, standardized residuals of weight adjusted for height were used. Linear regression models were used to explore the associations of biomarkers and TL (expressed as z scores of % change per year of follow-up) with grip strength at May 2003 follow-up. Analyses were conducted with adjustment for sex and age, with and without further adjustment for the potential confounding influences of height, weight for height, smoking status, alcohol consumption, and social class at May 2003 follow-up as well as CMV seropositivity. Analyses were conducted for both sexes combined and were repeated separately for men and women given that significant (p \ 0.05) interactions were identified between sex and percentage change in DHEAS and TL as predictors of grip strength at follow-up. A 5 % significance level was used to identify statistically significant associations. Data were analyzed by Stata version 11.0 (StataCorp, College Station, TX, USA).
Results
In the May 1994 baseline clinic, 411 men and 306 women participated. Of these, complete data on TL were available for 388 men (94.4 %) and 269 women (87.9 %). At the May 2003 follow-up clinic, 208 men and 151 women were successfully assessed; of these, TL data were available for 165 men (79.3 %) and 112 women (74.2 %). Analysis was conducted on 158 men and 95 women who had available TL data at both May 1994 baseline and May 2003 followup. Table 1 shows baseline and follow-up summary characteristics of the 253 subjects in the study. The average age at the May 1994 baseline clinic was 67.1 years for men and 67.2 years for women. The corresponding average age at follow-up was 76.5 for men and 76.2 years for women. The median follow-up time was 9.3 years. Grip strength was little altered from baseline to follow-up but was significantly higher among men than women at both time points Table 2 presents the associations between percentage change per year of follow-up (z scores) in TL (rate of telomere attrition) or inflammatory marker (inflammatory burden), and grip strength at May 2003 follow-up. Analysis for IL-1b and IL-6 was limited by low volumes of serum in some participants. Among men and women combined, percentage rises per year in follow-up of IL-1b (p = 0.005), cortisol (p = 0.02), and cortisol:DHEAS ratio (p = 0.042) were all significantly associated with reduced grip strength at 10-year follow-up. Associations were somewhat stronger in men than women with significant interaction between sex and percentage change in DHEAS and TL as predictors of grip strength at follow-up Table 2 ). Associations were robust for IL-1b (p = 0.001) and cortisol (p = 0.009) after adjustment for sex, age, height, Height was missing for 2 women at follow-up. Weight was missing for 1 man at follow-up. BMI was missing for 1 man and 2 women at follow-up. Grip strength was missing for 1 man and 1 woman at follow-up. IL-1b data were missing for 44 men and 33 women at baseline and for 47 men and 29 women at follow-up. IL-6 data were missing for 55 men and 53 women at baseline and for 8 men and 5 women at follow-up. Cortisol data were missing for 5 men and 1 woman at baseline and for 7 men and 4 women at follow-up. DHEAS data were missing for 5 men and 1 woman at baseline and for 8 men and 7 women at follow-up. Cortiol:DHEAS ratio data were missing for 5 men and 1 women at baseline and for 9 men and 8 women at follow-up Figure 2 presents the associations between TL attrition and inflammaging burden over follow-up with grip strength at follow-up.
Additional analyses were run looking at the associations between telomere attrition and other potential biomarkers of aging at follow-up (timed 6 m walk, timed chair rises, self-reported physical performance), and no significant associations were found. 
Discussion
We have shown that faster telomere attrition over the 10-year follow-up period was associated with lower grip strength at follow-up (b = 0.98, p = 0.035). These associations were robust in men and were completely attenuated when adjusted for inflammaging burden over the period (p = 0.86). Similarly, greater inflammaging burden over the 10-year period was associated with lower grip strength at follow-up; however, these associations were not lost when also adjusted for telomere attrition (IL-1b, p = 0.006). We observed interesting differences between TL and change in grip strength between men and women. These findings mirror the results of a recent systematic review suggesting that TL tends to be greater among women than men, but that these differences do not vary substantially by age or cell type [32] . The differences observed might contribute to the stronger associations we found between telomere attrition and grip strength among men. Whichever the case, it was clear that level of inflammation completely accounted for this association.
Our observation that the association between telomere attrition and lower grip strength at 10-year follow-up is accounted for by inflammation is novel and complements cross-sectional analyses that reveal associations between TL and age-related diseases, including atherosclerosis, hypertension, and dementia [33] [34] [35] . Longitudinal associations of TL with coronary heart disease, cognitive decline, and all-cause mortality have also been found [36] [37] [38] [39] . Potential mechanisms include telomere attrition causing functional changes within cell populations (e.g., senescent lymphocytes producing higher amounts of inflammatory cytokines) and also telomere attrition causing a limited cellular repair capacity in stem or progenitor cells (e.g., worsened endothelial repair accelerating the progression of atherosclerotic plaques) [40, 41] .
However, an alternative explanation is that telomere attrition is a consequence rather than a cause of the aging process, with inflammation being implicated in the etiology of both. In this study, the associations between rate of telomere attrition and lower grip strength at follow-up disappeared after adjustment for markers of inflammatory status (IL-1b and cortisol, Fig. 2 ). These findings support the supposition that changes to the immune-endocrine axis are responsible, at least in part, for the associations observed between TL and age-related disease and mortality.
As with previous studies, cross-sectional relationships between TL and grip strength at baseline were not observed, and there was no association between TL or inflammation at baseline and grip strength at 10-year follow-up (data not shown).This is likely to be a consequence of the long follow-up time and a reflection of the multiple internal and environmental influences over that period, which are largely not measurable. These may be more accurately reflected by change in TL and inflammation over the 10-year period; it is therefore unsurprising that this is where we found the significant associations. This observation suggests that it is the environmental burden and immune-endocrine milieu over the follow-up period that is influencing both rate of telomere attrition and grip strength. For example, an individual at baseline with a short TL but a favorable inflammatory environment over a 10-year period is likely to have a slower rate of both telomere attrition and sarcopenic change over that period compared with an individual with similar TL but less favorable inflammatory environment. This also explains the finding that significant associations were observed between TL and inflammatory markers at follow-up but not baseline-a reflection of the burden of inflammation in the later life course influencing age-related disease and TL rather than earlier in the life course at baseline.
This adds to a growing body of epidemiological and mechanistic evidence for the role of inflammation within the aging process. Proinflammatory cytokines have specific receptors on skeletal muscle myocytes that activate intracellular signaling cascades, causing myocyte atrophy and apoptosis [42] . Cross-sectional and longitudinal associations between inflammation and sarcopenia have previously been demonstrated, and it is thought that interindividual variations in inflammatory milieu, at least in part, explains the different rates at which individuals become sarcopenic [43, 44] . Similar mechanisms can be found in relation to other age-related disease processes such as those observed in the cardiovascular, pulmonary, skeletal, and central nervous systems [45] .
In addition to its effect on skeletal muscle, inflammation may simultaneously accelerate telomere attrition via direct inhibition of telomerase [46, 47] ; an increase in oxidative stress leading to decreased telomerase activity; direct oxidative damage to telomere DNA; and promotion of cell turnover and replicative senescence [22, 23, 48] . Cortisol has been directly associated with reduced telomerase activity in human T lymphocytes via the reduced transcription of hTERT, the telomerase catalytic component. This relationship may be bidirectional, with faster telomere attrition associated with cellular senescence and a greater tendency to secrete proinflammatory cytokines.
We have shown that a substantial drop in TL was observed from baseline to follow-up (an average of 144 bp annually). This is similar to rates in cross-sectional studies, although a more rapid decline has been observed in some longitudinal studies [6, 7, 9-12, 14, 34-38, 49] . The range of TLs observed in our study was substantial (between 1,300 and 12,300 bp). Although considerable attenuation of the variance in TL is observed in the very elderly [11] , the range observed in our study was comparable with that in other population-based samples [6, 7, 9, 10, 12, 14] .
Our study has some limitations. First, we cannot completely exclude the effects of coexisting subclinical infections at the time of immune-endocrine analysis. However, participants were presumed fit and able to attend clinic appointments for data collection, and results were screened before analysis for patterns suggestive of acute infection or hematological malignancy, and four results were removed from the data set. Second, study participants were lost to follow-up between the May 1994 baseline and May 2003 follow-up clinics for a variety of reasons (including death and refusal to participate), and we have previously shown that a healthy participant effect is, unsurprisingly, evident in HAS [19] . However, we have explored internal associations between variables in this analysis. The magnitude of associations that we have identified would only be substantially affected by the presence of a healthy survivor bias if the association between two variables was substantially different among study participants according to follow-up status; this seems unlikely. No further selection effects were evident according to availability of telomere data; specifically, there was no difference in grip strength between participants who were and who were not followed up with reference to TL (data not shown). There are numerous candidate biomarkers of both the aging process and the immune-endocrine axis that were not included in this study, and there is scope to widen this biomarker battery further. However, to avoid complexity and facilitate clinical translation, we specifically chose to limit these biomarkers to a small number. Grip strength was used because it is a simple test and is easily translatable to the clinical environment. It is a well-validated method of assessing muscle strength in older populations [50] and forms part of diagnostic criteria for sarcopenia and physical frailty [1, 51] ; it is also directly associated with age-related outcomes, including physical functioning [2] . Furthermore, the use of other markers of aging such as change in physical performance status is unlikely to yield significant associations in this healthy and active community-dwelling population. This was evidenced within this study through the lack of significant associations with timed 6 m walk, chair rises, and self-reported physical performance, which may reflect these being less robust than grip strength in a healthy community-dwelling population without significant disability. These findings contrast with a multicohort analysis undertaken by the Halcyon consortium, which reported telomere attrition as a significant determinant of disability as assessed by chair rises [13] . Finally, our sample size is 253, and therefore, confidence intervals are wider and true associations may have been missed; furthermore, as fewer women took part than men, this might be another explanation for why significant relationships were only found in the latter in some cases, although trends were similar. Although the limited study size may increase the validity of the significant findings reported, the study needs replicating in other populations with larger numbers and, when appropriate, using other biomarkers of physical aging.
In conclusion, our data add to the body of evidence that suggests a raised proinflammatory milieu, inflammaging, may influence telomere attrition and at least in part explain the associations that have previously been reported between TL and age-related outcomes. Unlike TL, simple biomarkers of inflammaging are more readily available and are cheaper, and they have clearly defined reference ranges. This evidence suggests that the use of simple biomarkers of aging, including hand grip strength and markers of the immune-endocrine axis, warrant greater exploration, as they could bring major health and socioeconomic benefits at the individual and population levels.
